Abstract: Treatments for spinal cord injury (SCI) still have limited effects. Electrical stimulation might facilitate plastic changes in affected spinal circuitries that may be beneficial in improving motor function and spasticity or SCI-related neuropathic pain. Based on available animal and clinical evidence, we critically reviewed the physiological basis and therapeutic action of transcutaneous spinal cord stimulation in SCI. We analyzed the literature published on PubMed to date, looking for the role of three main noninvasive stimulation techniques in the recovery process of SCI and focusing mainly on transcutaneous spinal stimulation. This review discusses the main clinical applications, latest advances, and limitations of noninvasive electrical stimulation of the spinal cord. Although most recent research in this topic has focused on transcutaneous spinal direct current stimulation (tsDCS), we also reviewed the technique of transcutaneous electric nerve stimulation (TENS) and neuromuscular electrical stimulation (NMES) as potential methods to modulate spinal cord plasticity. We also developed a finite element method (FEM) model to predict current flow in the spinal cord when using different electrode montages. We identified gaps in our knowledge of noninvasive electrical stimulation in the modulation of spinal neuronal networks in patients with SCI. tsDCS, TENS, and NMES have a positive influence on the promotion of plasticity in SCI. Although there are no randomized controlled studies of tsDCS in SCI, preliminary evidence is encouraging. FEMs predict that tsDCS electrode montage can be used to shape which spinal segments are modulated and what detailed areas of spinal anatomy can concentrate current density (eg, spinal roots). tsDCS is a technique that can influence conduction along ascending tracts in the spinal cord, so could modulate supraspinal activity. It may also be a promising new approach for a number of neuropsychiatric conditions.
Introduction
The global annual incidence of spinal cord injury (SCI) is 22 cases per million people, according to a report published in 2007, indicating that there are approximately 2.5 million people currently living with SCI. 1 Up to 2011, the prevalence of SCI in the USA ranged from 721 to 1,009 per million, and the annual incidence was estimated to range between 11.5 and 53.4 per million people. 2 Patients surviving an SCI usually experience prolonged hospitalization in acute care units and rehabilitation centers. Although different therapeutic strategies in the past have focused on improving individual post-injury management, 3, 4 there is a growing need for new treatment strategies to ameliorate recovery of function in these patients. One way to achieve an optimal treatment approach is to take advantage of the intrinsic ability of the spinal circuits to remodel and reconstruct the remaining pathways, 5, 6 which are kept intact but preserve a subthreshold level for evoking motor neuronal responses, and could drive spinal plasticity in SCI patients.
It has been established that after a spinal cord lesion, the neural circuitry below the injury undergoes substantial modifications in segmental connections due to the dramatic loss of supraspinal and propriospinal inputs. The loss or disruption of descending input results in substantial changes at the level of the primary afferents, interneurons, and motor neurons, thus significantly affecting connectivity in the spinal cord. 7 The spinal cord has extraordinary potential for neuroplasticity, 1 so electrical stimulation could enhance and facilitate plastic changes in the affected spinal circuitries, leading to an improvement in functional motor performance, 8 and aid in the treatment of neuropathic pain in SCI. 9 This comprehensive review provides an overview of the physiological basis and therapeutic action of transcutaneous spinal stimulation in SCI. It focuses on available animal and clinical evidence, the main clinical applications, and latest advances and limitations of noninvasive stimulation methods used for SCI. We further developed a high-resolution finite element method (FEM) model to predict current flow in the spinal cord when using different electrode montages.
Principles of transcutaneous spinal stimulation
The American Physical Therapy Association has established a unified terminology for electrical currents, namely, direct current (DC), alternating current, and pulsed current. 10 In DC stimulation, the electric current flows in a constant direction, while in alternating current the direction of flow and amount of electricity change cyclically over time. Alternating current is characterized by a lack of polarity, in other words, there are no defined positive or negative poles. Pulsed or interrupted current is defined as the unidirectional or bidirectional flow of charged particles, with the intensity of the current changing periodically over time. Electric currents may also have different types of wave forms: sinusoidal, rectangular, squared or pointed, depending on the capacity of the generator which produces the current (for details on current, see Robinson 11 ). Approaches such as transcutaneous spinal direct current stimulation (tsDCS) use DC and employ a constant intensity for the duration of neuromodulation except for potential ramps at the start and stop of stimulation. Waveforms can be classified as alternating or pulsating, according to their polarity and shape variations. Other complex waveforms are also described. Please see Figure 1 for an illustration of various waveforms used for electrical stimulation.
tsDCS enhances lesion recovery by facilitating the recruitment of inactive motor neurons, 12 increasing the interaction between functional neuronal circuits, 13 and suppressing the increased excitability of spinal motor neurons by promoting an inhibitory tone, which in turn can decrease the severity of spasticity following SCI. 12 The effects vary according to the polarity of stimulation, so that cathodal stimulation activates neurons, whereas anodal stimulation depresses neuronal activity. Furthermore, the first data in healthy subjects suggest that anodal tsDCS may decrease conduction in ascending nociceptive pathways, thereby modulating somatosensory evoked potentials and increasing the pain threshold.
14 tsDCS is used through a pair of saline-soaked sponge electrodes with a diameter of 35 cm 2 and covered with electrolyte gel. The electrical current is delivered by a battery-driven constant current stimulator. Usually one electrode is centered over the spinous process of the vertebra immediately above the targeted area; the other is usually applied over the posterior area of the right shoulder/ limb. Polarity of the stimulation (anodal or cathodal) refers to the polarity of the spinal electrode. Recent publications have proposed protocols using a current intensity of 2.5 mA during a 15-minute period (current density =0.071 mA/cm 2 -total load =0.064 C/cm 2 ). 14, 15 The current is ramped up to the maximal intensity over a period of 10 seconds and similarly ramped down at the end of stimulation. Also, it is suggested that sham stimulation should be set to provide active stimulation for a period of 90 seconds and then stimulation is automatically turned off, in order to simulate the sensation of the actual initial stimulation.
Transcutaneous electric nerve stimulation (TENS) is the application of electrical stimulation through the skin with the main purpose of pain control. 16 As shown in Notes: Alternating current waveforms can be defined as those that are symmetric in polarity, such as the sinusoid shown. Pulsating, or pulsed, waveforms can be defined as repetitive waveforms characterized by repeated increases in intensity at a given frequency, with broad variations in pulse shape, return phase, frequency, and train rate possible. Still more complex waveforms are possible, which can be defined as being variable. 17, 18 Neuromuscular electrical stimulation (NMES) has been applied as an effective adjunctive therapy to increase muscle strength. 19 Muscle recruitment is determined by the intensity, duration (loading phase or pulse), and frequency of the stimulus (Table 1) . After reaching the motor threshold, a small increase in intensity could produce greater muscle tension, possibly leading to tetanic contraction. Therefore, we should be cautious about increased intensity in order to avoid intense and unwanted contractions. 19, 20 Both pulsed and alternating current are used in NMES devices.
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Physiological basis for therapeutic activity of transcutaneous spinal stimulation in SCI Physiological basis for improved motor function and reduced spasticity tsDCS is a neuromodulatory technique that leads to direct and long-term changes in the excitability of the spinal cord. 22 It has been shown that cathodal tsDCS stimulation modulates spinal interneuron excitability to promote motor function. 23 The activation of the Ia-reciprocal inhibition pathway can reduce spinal plasticity by decreasing the amplitude of the persistent inward currents in spinal motor neurons and the level of excitability of motor neurons. 24 tsDCS has previously shed light on the modulation of excitability of primary afferent fibers by way of their presynaptic terminals. 25 Aforementioned evidence provides the principle for clinical application of tsDCS in disorders of maladaptive excitationinhibition balance. Thereby, tsDCS has been applied for the treatment of spasticity. 26 NMES is used to supplement the lost motor functions and can partially neutralize the harmful adaptations that skeletal muscles endure after SCI. 27 NMES can activate both motor and sensory axons. The activation of motor neuron axons produces contraction by peripheral pathways, so could generate functional improvement and enhance muscle strength. Activation of sensory axons could also induce muscle contraction by means of signals passing through central pathways. 28 Consequently, NMES is one of the techniques most commonly used to increase contraction in paralyzed muscles and ameliorate spasticity. 29 A review focusing on the physiological effects of this technique and its potential clinical applications suggested that tsDCS could modulate activity in afferent (lemniscal/spinothalamic) and efferent (corticospinal) tracts, as well as in segmental spinal motor circuits. 30 TENS has been evaluated for SCI-relevant chronic pain in several studies with varied results. Here we discuss two different theoretical mechanisms for TENS using different stimulation frequencies. According to the gate control theory, proposed by Melzack and Wall, 31 stimulation of large diameter fibers, such as A-beta fibers, would activate inhibitory interneurons in the gelatinous substance of the spinal cord at the dorsal horn, and hence counteract the drive of nociceptive signals from small diameter nerves, eg, A-delta fibers and C fibers. 31, 32 Supraspinal mechanisms relevant to the release of endogenous opioids have also been proposed. 33 Herein, analgesia induced by low-frequency TENS is usually explained by the release of endogenous opioids in the spinal cord, which could be related to activation of local circuits within the spinal cord or as a result of stimulation of descending inhibitory pathways. Evidence from animal models of SCI Direct stimulation by invasive procedures in the spinal cord was the basis for understanding the application of DC stimulation in the restoration of physiological function. In the early 1940s, experimental animal models of SCI showed that constant current flows longitudinally along the spine in frogs. 34 In 1951, Marsan et al suggested that inhibition of spinal motor neurons by DC flow in the spinal cord of rats would cause alterations in the rhythmic activity of neurons of the anterior horn. 34 One study in cats provided evidence related to the mechanisms involved in synaptic potentiation. 25 DC was applied in a dorsoventral direction and able to modify both the membrane and the peak potentials of the primary afferent fibers. Dorsal hyperpolarization and ventral depolarization was observed 
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Transcutaneous spinal stimulation for SCi when the positive electrode was placed on the back and anterior area, respectively. 25 Borgens et al found an increase in regeneration of reticulospinal axons in the lamprey when transected fibers faced the cathode of the applied voltage gradient. 35 Roederer et al determined that calcium influx influenced the degree of degeneration in the proximal segments of the axon because it could affect the stability of the fibrous proteins that comprise the neuronal cytoskeleton. 36 Corroborating these findings, Strautman et al showed that negative DC flow attenuated entry of intracellular calcium ions into axons. 37 Some studies have demonstrated that applying DC fields promotes functional recovery in rats following acute SCI. In 1988, Fehlings et al were the first to show that application of DC results in functional improvement in an experimental model of SCI. The motor evoked potential was one of the measurements for evaluation of functional improvement. The results showed an increase in motor evoked potential in the treated group compared with the control group. 38 Further studies conducted by Borgens et al confirmed these results, suggesting that axons preferentially grow toward a negative charge, facilitated by the imposition of an electric field. 39, 40 Another study investigating the effects of using DC suggested that DC can modulate the activity of the supraspinal somatosensory system. The findings suggested that such modulation depends on the polarity of the stimulation electrode; anodal stimulation increased spontaneous activity and decreased the amplitude of evoked responses in the gracile nucleus, while cathodal stimulation had the opposite effect. The gracile nucleus is the main entry point of the hindpaw somatosensory signals reaching the primary somatosensory cortex in anesthetized rats. 41 Recently, the use of tsDCS has been studied in animal models in order to investigate physiological changes that support its clinical use. Ahmed et al demonstrated that cathodal tsDCS increases spontaneous activity in the tibial nerve, while anodal decreases the magnitude of muscle contractions. This suggests that the local effects of polarized currents in the spinal cord are complex, and depend on current intensity, duration of stimulation, and type of neural elements involved (cell body or fibers), and also on the distance between the electrodes and anatomic tissues. 22 Another important observation from the same authors suggested that spinal cord neurons are recruited in an orderly manner. Namely, tsDCS is able to increase the excitability of the spinal cord and maintain a normal recruitment pattern of motor neurons, which is critical to modulate both speed and power circuits. 42 Ahmed et al also found that tsDCS reduced muscle tone in rats after spinal cord lesioning, which suggests that tsDCS can be a useful tool in the control of spasticity. Spinal-to-sciatic tsDCS reduced transit and steady stretchinduced nerve and muscle responses when compared with spasticity in SCI rats and controls, whereas sciatic-to-spinal tsDCS had opposite effects. 43 All of these invasive studies have shed light into the mechanisms of tsDCS: tsDCS can selectively modulate the spontaneous activity and intrinsic properties of motor neurons via the somatosensory system; 22 tsDCS acts as a modulator of spinal excitability, which could be mediated by changes in glutamatergic neurotransmission and can in turn influence cortically elicited muscle contractions in a polarity-dependent fashion; 44, 45 cathodal tsDCS could be used to enhance spinal excitability and to improve function via amplification of cortically evoked movements through spinal mechanisms; 23 tsDCS could modulate associative plasticity, and combined cortical and peripheral stimulation could produce immediate enhancement of spinal and cortical outputs, respectively, which could in turn improve skilled locomotor recovery after SCI in mice. 42 Some animal studies have also addressed the use of TENS in SCI. TENS is thought to induce analgesia at the spinal cord level through two different supraspinal pathways, 9 ie, the rostral ventral medulla/periaqueductal gray in the dorsal midbrain and the medullary reticular nucleus in the spinal cord. Both pathways converge at the level of the spinal cord using similar inhibitory neurotransmitters but can also be activated by similar cortical sites, such as the cingulate cortex. 46 Further, Clement and Somers suggested that TENS might have a specific effect in the central nervous system depending on stimulation parameters. These authors demonstrated that daily application of TENS diminished mechanical allodynia but not thermal allodynia. They found an increase of gamma aminobutyric acid in the posterior horns bilaterally when used in high-frequency ranges, and an increase in glutamate, aspartate, and glycine bilaterally when a combined technique (low frequency and high frequency) was used. Further studies are essential to assess the behavioral effects, biological effects, and mechanism of action of TENS in SCI. 47 
Finite element method model
We used FEM models to predict current flow in the brain stem and spinal cord for various extracephalic 1×1 montages using 5×7 cm sponge pad electrodes. We developed a high resolution magnetic resonance imaging (MRI) scan (1 cm 3 voxels) with eleven tissue compartments. Specific conductivity values obtained from human and rat cell experiments were assigned to the specific tissue compartments between the C7 vertebra and the vertex. FEM models were generated 
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Grecco et al to predict current flow in volume conductor physics studies for multiple electrode montages. Spinal cord and skin masks were artificially extended from the MRI-based masks to prevent current accumulation near boundary limits. Five montages were tested (left cheek to right shoulder, left neck and right shoulder, neck back and torso back, head top and right shoulder, neck front and neck back). Evidently, these representations show a small sample of variations in montages (and factors such as electrode size or number of electrodes are not considered) -our objective here is not to conduct a comprehensive optimization for a myriad of indications, but rather illustrate the principles of how spinal current flow is modulated by electrode montage selection. Figure 2 shows five electrode montages simulated in an MRI-derived model of one adult. This FEM model demonstrates that significant current is able to reach the spinal cord when extra cephalic electrodes are used for stimulation.
Electric field and current flow clusters were found across compartments of the spinal cord. Notably, small pockets of high current intensity accumulation were found in spinal nerves, which may be attributed to idiosyncrasies in anatomy. These results illustrate that the electrode montage can be designed so that specific spinal segments can be differentially activated and also to determine the direction of current flow, as well as to predict the intensity of the electric field generated per mA of current applied for each montage. The peak electric field per applied mA in the spinal cord ranged from 0.35 V/m (for neck front to neck back) to 1.7 V/m (for head top to right shoulder montage). In all cases, the peak electric field was predicted at spinal roots. This concentration represents the anatomy where the spinal cord is surrounded by a highly conductive sheet of cerebrospinal fluid, emphasizing the importance of generating precise models.
Clinical evidence for therapeutic application of transcutaneous spinal stimulation in SCI
As the field advances, there is increasing interest in conducting human research on this topic focusing on neurophysiology or behavioral clinical effects. Concerning the neurophysiologic parameters, several studies in humans have demonstrated that tsDCS affects the excitability of the spinal cord and induces significant changes in the Hoffman reflex. 15, 30, [48] [49] [50] [51] The Hoffman reflex is frequently used as a test to assess modulation of spinal inhibitory interneuronal circuits. Changes in excitability of the Hoffman reflex have been related to the acquisition of new motor skills and restoration of motor functions. 15 Even in healthy individuals, anodal tsDCS was able to decrease the response of the Hoffman reflex while cathodal stimulation led to an increase reaction. tsDCS also causes alterations in somatosensory evoked potentials in healthy subjects. For example, it has been shown that anodal stimulation in the thoracic region depresses the PTN-SEP (32 sequential posterior tibial nerve somatosensory evoked potentials; P-30) component of the posterior tibial nerve. 14 These results suggest that tsDCS can induce sustained changes in trans-synaptic efficacy in neurons, 15 which can aid in preventing neuronal dysfunction after SCI. 52 Despite being one of the oldest and simplest currents used in the field of rehabilitation, tsDCS is now considered a new technique of neuromodulation and there are a few reports using tsDCS after injury, as shown in Table 2 .
As noted in Table 2 and discussed above, tsDCS influences conduction along the ascending spinal neural network, reflected by changes in the Hoffman reflex, 15, 52 which represents the monosynaptic connection between Ia muscle spindle fibers and the homonymous innervating motor neuron; the electrical equivalent of the spinal stretch reflex. 53 With regard to behavioral clinical effects like spasticity and pain relief, we only found one study assessing the therapeutic effects of tsDCS for the relief of spasticity and improvement of motor control after SCI. Hubli et al used tsDCS combined with motor training to establish whether the excitability of the neurons could be modified after complete SCI, by assessing changes in the spinal reflex. They found an 84% rise in the amplitude of the spinal reflex in subjects with SCI after anodal tsDCS. This effect was not seen for their cathodal tsDCS, locomotion, or sham groups. Moreover, the reflex threshold was lower after anodal tsDCS and locomotion in subjects with SCI. The authors concluded that tsDCS can be repeatedly applied as an auxiliary therapeutic approach for SCI, and that anodal tsDCS can avoid adverse changes in spinal reflex function in severely affected individuals. 52 Similarly, TENS may reduce spasticity 46 and improve bladder function in SCI patients. 54 Hofstoetter et al conducted a pilot study using three subjects with chronic incomplete SCI, and evaluated the effects on reflex excitability and used the 10 m walk test as a clinical measure. Preliminary results suggest that stimulation can be used to control spasticity without adversely affecting residual motor control in incomplete SCI. 55 However, this is a pilot study and further studies are needed.
Another important clinical application of this technique is related to pain control. There is a high prevalence of pain in patients with SCI, and many approaches, including pharmacological and nonpharmacological treatments, have 
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Transcutaneous spinal stimulation for SCi been studied for the treatment of this condition. The results reported by Truini et al suggest that the analgesic effects of tsDCS are a result of the decrease in ascending nociceptive spinal input. One experiment in healthy individuals showed that anodal tsDCS might decrease conduction in the ascending nociceptive spinal network, thus inducing changes in laser evoked potentials in the foot, increasing the pressure threshold 51 and reducing the nociceptive component of the flexion reflex in the lower limb. 29 This form of stimulation also alters long-lasting plasticity in spinal motor circuits as it decreases the Hoffman reflex.
There has been one study of the effect of TENS in the treatment of neuropathic pain in patients with SCI. In this study, both low intensity and high intensity TENS had no statistically significant effects on neuropathic pain in patients with SCI. Despite this result, there was an improvement in clinical manifestations, to the extent that patients asked to continue the treatment after the study. The main limitations of this study relate to methodologic issues, such as the lack of a control group, a low number of participants, and the lack of long-term follow-up. 56 Another study reported by Celik et al used low-frequency TENS to evaluate changes in pain as assessed on a visual analog scale between day 1 and day 12 of treatment and found a statistically significant reduction in pain level in the treatment group. The results of this study showed that low-frequency TENS reduced neuropathic pain intensity in SCI patients during the daytime but not at night. This can be explained by the fact that neuropathic pain intensity is higher during the night. 57 This study only included patients with neuropathic pain at or below the level of injury, and is consistent with a study by Störmer et al which reported 
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Grecco et al that 86% of the pain is localized below the level of the SCI lesion. 58 Fishbain et al demonstrated that TENS has long-term effects on quality of life in patients with chronic pain, in particular the ability to resume daily activities. It also showed an increased level of pain management and lower use of drugs and other therapies. 59 Therefore, it can be useful to assess the effects of long-term TENS in future studies.
Current status: utility, limitations, and potential refinements
This review highlights the limited number of controlled studies addressing transcutaneous spinal stimulation for the treatment of SCI patients. This can be attributed to a lack of knowledge of this application or even to the diversity of types of electrical current that can be used in clinical practice. This new treatment modality has emerged in the rehabilitation environment as a useful tool to help in the rehabilitation process of different clinical conditions. However, there is a need for further large-scale studies to confirm the benefits and risks of this resource on patients with SCI.
It is known that individuals with an incomplete lesion, who maintain some ability to walk, would likely avail themselves of a walking program that includes body weight support, treadmill training, and NMES. 60 The results of the combined approach using physical therapy and neuromodulation techniques has led to further consideration of use of tsDCS with conventional or robotic therapy in the treatment of individuals with SCI.
More generally, it is important to study the efficacy of noninvasive electric stimulation in the modulation of spinal networks in patients with SCI to: probe the value of noninvasive electrical stimulation in modifying other pathways in patients suffering from various spinal cord lesions, and estimate the clinical relevance of noninvasive electric stimulation (in combination with other treatment methods or not) as a therapeutic protocol. This therapeutic approach should be considered as an additional nonpharmacological treatment option in an existing treatment plan. For instance, tsDCS is proven to be a simple technique with low operating costs. Nevertheless, a larger randomized controlled trial must be conducted in order to demonstrate its therapeutic potential.
Conclusion
This review discusses the rationale and mechanisms for noninvasive neurostimulation methods and outlines recent trials on clinical efficacy of transcutaneous spinal stimulation for SCI. According to our review of the existing literature on the use of this neuromodulation technique for the treatment of SCI and as demonstrated by several clinical trials cited in this review (Table 2) , transcutaneous spinal stimulation is a promising therapeutic tool for patients suffering from this condition. Although more studies are needed to clarify its therapeutic potential, its efficacy depends on several factors concerning both the individual technique applied and the patient's condition, as follows: 1. The ability of tsDCS to influence conduction along ascending tracts in the spinal cord could help modulate supraspinal activity and also lead to focal changes in spinal cord excitability by DC polarization. 2. TENS has been studied for chronic pain related to SCI in several trials. The development and application of high-frequency TENS was based on the gate control theory of pain conceptualized by Melzack and Wall. 32, 61, 62 Although this therapy could be used as an alternative method to deal with chronic pain in SCI patients, results are still inconclusive, so development of novel parameters of stimulation may be necessary to optimize the results of this technique. 3. NMES is one of the most used techniques to improve contraction strength in paralyzed muscles and ameliorate spasticity. This technique is used in rehabilitation and can counterbalance the deleterious adaptations that skeletal muscle undergoes after a lesion to the spinal cord. 27 4. FEM methods confirm that significant amounts of electrical current are induced in the spinal cord structures when using extracephalic electrodes. Promoting plasticity with electrical stimulation has been increasingly pursued over recent years. If the results of spinal cord stimulation are confirmed in larger mechanistic and clinical trials, then this potential therapy may be a relevant therapeutic approach for a number of neuropsychiatric conditions.
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